We calculate ozone radiative forcing (RF) and stratospheric temperature adjustments for the period 1850-2014 using the newly available Coupled Model Intercomparison Project phase 6 (CMIP6) ozone data set. The CMIP6 total ozone RF (1850s to 2000s) is 0.28 ± 0.17 W m −2 (which is 80% higher than our CMIP5 estimation), and 0.30 ± 0.17 W m −2 out to the present day (2014). The total ozone RF grows rapidly until the 1970s, slows toward the 2000s, and shows a renewed growth thereafter. Since the 1990s the shortwave RF exceeds the longwave RF. Global stratospheric ozone RF is positive between 1930 and 1970 and then turns negative but remains positive in the Northern Hemisphere throughout. Derived stratospheric temperature changes show a localized cooling in the subtropical lower stratosphere due to tropospheric ozone increases and cooling in the upper stratosphere due to ozone depletion by more than 1 K already prior to the satellite era (1980) and by more than 2 K out to the present day (2014).
Introduction
The radiative forcing (RF) due to changes in tropospheric and stratospheric ozone is the third largest greenhouse gas contributor to RF since preindustrial (PI) times (Myhre et al., 2013) . However, ozone's RF has a much higher relative uncertainty than the well-mixed greenhouse gases. For the well-mixed greenhouse gases, which are characterized by long lifetimes and relatively homogeneous distributions, surface observations from a rather few sites provide reasonable constraints on global trends in gas concentrations: observations from firn ice and ice cores allow these data records to be extended to periods before in situ observations began. By contrast, the horizontal and vertical inhomogeneity in ozone makes it more difficult to observe and characterize its distribution and trends, even for recent times. These difficulties become progressively larger further back in time, and there is little information, except for a few surface sites in the last nineteenth century (Cooper et al., 2014) . Hence, estimates of ozone RF rely heavily on models that aim to simulate the evolution of the ozone. There are added difficulties in that both longwave (LW) and shortwave (SW) radiation contribute significantly to the total ozone forcing (and can even be of opposing sign, in the case of stratospheric forcing), whereas for well-mixed greenhouse gases the LW is normally the dominant term. In addition, at least since the middle of the twentieth century, ozone has been increasing in the troposphere
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and decreasing in the stratosphere, due to the combined effects of air pollutants and ozone depleting substances, making the net forcing a residual of opposing terms.
Advances in chemical modeling of the atmosphere have improved our understanding of the drivers of ozone change, and multimodel comparisons have allowed estimates of the uncertainties in the role of these drivers (e.g., Young et al., 2013) . The Stratosphere-troposphere processes And their Role in Climate/Atmospheric Chemistry and Climate (SPARC/ACC) ozone data set prepared for the Coupled Model Intercomparison Project phase 5 (CMIP5) (Cionni et al., 2011 ) used climate models with interactive chemistry to represent the evolution of tropospheric ozone and zonal-mean data based on available observations for the stratosphere. The more recent International Global Atmospheric Chemistry (IGAC)/SPARC Chemistry-Climate Model Initiative (CCMI) ozone data set, designed for CMIP6, instead uses models which span the troposphere and middle atmosphere in a fully interactive way (Morgenstern et al., 2017) , therefore providing consistent ozone fields in time and space. In consequence, it is expected that the improvements in the latest generation of chemistry-climate models will impact the calculations of ozone's RF. This paper calculates the RF of ozone, from the new CMIP6 data set; using the same methodology, we also calculate RF from the CMIP5 data set to allow for a consistent comparison. We calculate the RF separately for changes in tropospheric and stratospheric ozone for each decade in the period 1850-2014, and the change in stratospheric temperature by using the fixed dynamical heating (FDH) approach. We assess the main characteristics of the resulting RF derived using CMIP6 data. The data used in our study are described in section 2, the methodology in section 3, and results in section 4, followed by a concluding discussion in section 5.
Data
The estimation of the RF for a specific agent needs the definition of a background and a perturbed state (PS) of that agent. Here we define the PI background state as monthly means for the 1850-1859 decade. We then perform RF calculations for monthly means for each decade from 1860-1869 to 2000-2009 and for 2010-2014 (the most recent historical period in the CMIP6 data base). We refer to them as the perturbed state. This approach is similar to the analysis of CMIP5 data by Cionni et al. (2011) .
We use the original CMIP5 (Cionni et al., 2011) and the new CMIP6 ozone concentration data sets as three-dimensional fields interpolated onto a grid of 3 ∘ × 3 ∘ horizontal resolution and the L60 -p model levels of ERA-Interim. The climatology of nonozone components (temperature, humidity, albedo, and cloud parameters) is obtained from monthly means of the ERA-Interim reanalysis (Dee et al., 2011) averaged over the time period 2000-2009. The main greenhouse gas concentrations CO 2 , CH 4 , and N 2 O, as well as chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons (HCFCs), are included in the radiative transfer scheme, at the PI values for 1850, taken from Intergovernmental Panel on Climate Change (IPCC) Fifth Assessment Report (AR5) (Myhre et al., 2013) . The cloud parameters used in the off-line radiative transfer scheme differentiate ice and liquid water clouds which are modeled with the European Centre for Medium-Range Weather Forecasts (ECMWF) ReAnalysis, ERA-Interim vertically resolved liquid and ice water contents. From the total cloud fraction we estimate the liquid and ice cloud fraction, and we consider an aerosol-free atmosphere as in other recent studies of ozone RF (e.g., Rap et al., 2015) ; see supporting information for details.
Methods
The RF is estimated with the off-line radiative transfer model included in the Suite of Community Radiative Transfer codes based on Edward and Slingo (SOCRATES), e.g. Edward and Slingo (1996) , which estimates the radiative fluxes with a two-stream scheme. In the main model setup used in this paper, the model has six broadbands in the SW and nine broadbands in the LW. SOCRATES has been extended to compute RF (named SOCRATES-RF here) by calculating the stratospherically adjusted temperatures as described in Forster et al. (1997) . A similar method to estimate the RF, also based on Edwards and Slingo (1996) , was previously used for the CMIP5 and Atmospheric Chemistry and Climate Model Intercomparison Project (ACCMIP) estimations (Cionni et al., 2011; Stevenson et al., 2013) . The methodology follows the definition used by Ramaswamy, Boucher, et al. (2001) where the change in irradiance is evaluated when stratospheric temperatures are readjusted assuming the standard FDH approach, performed separately for each month. The method requires the definition of a tropopause to specify the region above which temperatures are adjusted. Cionni et al. (2011) used a tropopause based on the 2 potential vorticity unit (PVU) definition and the NCEP/NCAR reanalysis. Stevenson et al. (2013) also compared the use of tropopauses based on a specific ozone threshold (e.g., Young et al., 2013) or change in the temperature gradient (e.g., , and found that the tropopause choice had only a marginal impact on RF values. In our study we modeled the climatological tropopause defined by Hansen et al. (2005) with a parametric equation described in the supporting information (section S2).
Our methodology includes stratospheric temperature adjustments but not rapid tropospheric adjustments. Both are required to estimate the effective radiative forcing (ERF), which is regarded as being more directly related to surface temperature change (Myhre et al., 2013) . Because ERFs require climate models for their calculation, they are inherently noisy, due to the internal variability generated by them, and can be difficult to detect, particularly for the small ozone forcings earlier in our 1850-2014 period. Shindell et al. (2013) show that the global-mean ERFs are, within their uncertainties, generally consistent with the RFs calculated using the method we use here, and Myhre et al. (2013) concluded that differences between RF and ERF for ozone change are likely to be small. However, Shindell et al. (2013, Figure 25 ) show a stronger latitudinal variation in the southern hemisphere (SH) for the ozone ERF than RF, at least for their model, so more caution may be needed in interpreting the geographical patterns of RF presented here.
Further, our separation of tropospheric and stratospheric ozone RF is based on a (latitudinally varying) tropopause pressure. An alternative framework (e.g., Shindell et al., 2013 , 2012 separates forcings via the driver of the ozone change, for example, ozone depleting substances and tropospheric ozone precursors. Since ozone depleting substances influence tropospheric ozone and tropospheric ozone precursors influence stratospheric ozone, via direct chemical impacts and changes in stratosphere-troposphere exchange, this framework would produce a different division of forcings than the one we present. CMIP6 ozone data do not currently offer the information to use that framework.
Results
Global Estimates of Ozone RF
We investigate first the global-mean tropospheric and stratospheric ozone RF using CMIP6 and compare it with CMIP5 calculations for the 2000s decade (Table 1 ). The tropospheric ozone RF is 40% larger using CMIP6 instead of CMIP5: 0.31 W m −2 versus 0.22 W m −2 (this latter value is consistent with the Cionni et al., 2011, estimate of 0.23 W m −2 using CMIP5). The stratospheric ozone RF using CMIP6 is −0.033 W m −2 , compared to −0.073 W m −2 using CMIP5. The total ozone RF is 80% greater using CMIP6 ozone: 0.28 W m −2 compared to 0.15 W m −2 using CMIP5 (which is almost identical to the Cionni et al., 2011, CMIP5 estimate of 0.151 W m −2 ). Despite the significant changes with respect to CMIP5, the new estimate using CMIP6 ozone is more consistent with IPCC-AR5 central values (0.36 and −0.05 W m −2 for tropospheric and stratospheric ozone RF respectively as shown in Figure 1 which, for consistency, exclude the 1750-1850 contribution to RF) than using CMIP5 ozone.
The right-hand column of Figure 1 shows the time evolution of CMIP6-RF (including the individual LW and SW components) together with the IPCC-AR5 values (Myhre et al., 2013) . There is a continuous increase in the tropospheric ozone RF which accelerated in the 1960s and slowed after the 1980s; our CMIP6 calculation tracks below the AR5 value but with similar shape; as is expected from earlier work the main contribution is from the LW (e.g., Cionni et al., 2011) . This time dependence is consistent with CMIP6 global tropospheric ozone column (Figure 1 , left column, first panel), which shows a systematic increase until the 1980s, primarily due to the northern hemisphere (NH) contribution with a slight hiatus in recent decades due to a decrease in SH tropospheric ozone.
The net stratospheric ozone RF is close to zero until the 1950s at which it turns slightly positive for two decades and then turns negative primarily due to the strong SH ozone depletion, consistent with the evolution of the stratospheric ozone burden also shown in Figure 1 . It also shows a comparison of the CMIP6 ozone total column with that from Multisensor Reanalysis version 1 (van der A et al., 2010) in the satellite era, demonstrating good agreement within the Multisensor Reanalysis uncertainties and consistency in the trends. Notably, both the SW and LW RF switch signs between the 1960s and the post-1980 period, with the net RF being a small residual of the two and with an increasing divergence until 2014. The IPCC-AR5 stratospheric ozone RF remains negative throughout, but the CMIP6-RF is consistent with the positive RF due to the effect of tropospheric ozone precursors (including NO x and methane) on stratospheric ozone since 1990 (Søvde et al., , 2012 . The small perturbation in stratospheric ozone RF in the 1880s is likely a transient dynamical response of ozone to volcanic aerosol loading in this period, which is included in the CMIP6 forcing data set. Table S6 , while values of RF for all decades are shown in Tables S11 and S12 in the supporting information.
The 5-95% uncertainty is considered to be ±0.5 times the central estimated value for tropospheric ozone and ±2 times for stratospheric ozone radiative forcing (RF) (see, e.g., Myhre et al., 2013) When both stratospheric and tropospheric RF are combined (Figure 1 , last row) the net RF shows a notable slowdown after about 1980. Checa-Garcia et al. (2016) calculated that the slowdown in the growth in tropospheric ozone RF contributed 5-11% to the observed slowdown in surface temperature increases, also referred to as a hiatus in global warming. Between 1920 and 1980, the CMIP6 RF is very close to the IPCC-AR5 values. Another notable feature is the change in relative importance of the LW and SW components over recent decades, with the SW forcing dominating over the LW forcing in the most recent two decades, as a result of the rapid changes in stratospheric ozone RF (and its LW and SW components). Shindell et al. (2013) found a similar result in their instantaneous RF calculations; our results confirm that the feature is present when stratospheric temperature adjustment is included.
The ozone changes also induce changes on the stratospheric temperature due to changes in both reflected SW radiation and upwelling LW radiation from the troposphere. We estimate the temperature changes (ΔT) using the FDH approach for both tropospheric and stratospheric ozone change. While dynamical responses would be expected to modify the FDH-derived changes, FDH provides a good first-order estimate. The impact of stratospheric ozone depletion on stratospheric temperature changes is well recognized (e.g., Ramaswamy, Chanin, et al., 2001; Seidel et al., 2011) , but comparatively little attention has been given to the role of tropospheric ozone change (see, e.g., Berntsen et al., 1997; Ramaswamy & Bowen, 1994; Sexton et al., 2003) . Figure 2 shows the derived ΔT for the tropospheric and stratospheric ozone perturbations separately, and for both (estimated here as the sum of the individual effects), for each decade since the 1970s, all relative to the 1850s. First, we note cooling in the lower stratosphere due to the tropospheric ozone increases which is most marked in the subtropics (25 ∘ N and 25 ∘ S); this is clearest in the NH where temperatures decreases by more than 1.4 K in the 2000s, but it is also found in the SH with a cooling of 0.8 K. These patterns have grown continuously since the 1970s, with the area of largest cooling in the NH progressively extending deeper into the stratosphere. The latitudinal pattern of the ΔT is similar to that in Berntsen et al. (1997) but more intense. It matches the geographical pattern of the forcing (see section 4.4), which peaks in the subtropics (and in particular in the NH) and hence causes the largest decrease in the absorption of upwelling irradiance in the lower stratosphere.
We now focus on the ΔT due to stratospheric ozone change (middle row of Figure 2 ). The general pattern of ΔT for the recent period is generally understood (e.g., Shine et al., 2003) with maximum cooling in the upper stratosphere, a relative minima (and even a slight warming) in the midstratosphere, and a secondary maximum in the lower stratosphere, which is particularly marked in high southern latitudes, associated with the ozone hole. Most recent work has concentrated on temperature changes since the late 1970s, for which more observations are available. However, Figure 2 shows that the calculated cooling in the upper stratosphere had already exceeded 1 K during the 1970s, and it is only by the 1990s that the cooling in the Antarctic lower stratosphere exceeds the upper stratospheric cooling. For the most recent decade, the cooling exceeds 2.5 K in much of the upper stratosphere and 5 K in the Antarctic lower stratosphere. Part of the warming in the lower and midstratosphere, particularly in the 1970s in the NH, is likely driven by the increase in stratospheric ozone as a result of the tropospheric ozone precursors discussed above. The ΔT due to stratospheric ozone after 1980 is consistent with earlier work (e.g., both in magnitude and vertical structure. The CO 2 -induced cooling both in recent decades (Jonsson et al., 2009 ) and since PI times (Schwarzkopf & Ramaswamy, 2008 ) is similar to that due to ozone, while in the lower stratosphere the ozone-induced cooling dominates over CO 2 in recent decades (e.g., Seidel et al., 2011) . The combined CO 2 and ozone temperature trends in the upper stratosphere is consistent with satellite-derived trends since 1980 (e.g., McLandress et al., 2015; Seidel et al., 2011) ; consistency between model and observed trends in the lower stratosphere remains dependent on assumptions about trends in stratospheric water vapor (Seidel et al., 2011) .
The bottom row of Figure 2 shows the ΔT due to both tropospheric and stratospheric ozone change. While the overall pattern is dominated by the effect of stratospheric ozone change, the signature of the cooling due to the tropospheric ozone increases is still visible in the lower stratosphere in the subtropics, close to 2.5 K in the 2000s. This pattern has been accentuated in recent decades. 
Uncertainties in Global Mean
Previous studies indicate that a major source of uncertainty in the ozone RF is the PI ozone concentrations . To further understand this, two additional estimates of RF have been calculated where the PS/PI concentrations considered are CMIP6/CMIP5 and CMIP5/CMIP6 (see Table 1 ). The use of CMIP6-PS state with CMIP5-PI increases tropospheric RF by 8%, while the stratospheric RF is more negative by more than 50% which leads to a net RF similar to the CMIP6/CMIP6 case. However, the values of LW and SW RF for the stratospheric ozone case are markedly different, which is most likely due to the use of a limited multiple linear regression to infer the CMIP5-PI stratospheric ozone distribution instead of a fully coupled model. The use of CMIP5/CMIP6 case leads to a decrease of tropospheric ozone RF by 12% relative to CMIP5/CMIP5. The stratospheric ozone RF is close to CMIP6/CMIP5 but with a markedly different LW/SW contributions showing that they are severely affected by the PI concentrations. The difference between the CMIP6 and CMIP5 PI values is a source of significant uncertainty, but more so in partitioning of the forcing between stratospheric and tropospheric ozone RF and between the LW and SW components than in the final total net RF. Nevertheless, these calculations emphasize that most of the difference in the CMIP6 and CMIP5 ozone RFs arises from the change in ozone since PI times, rather than from the PI values themselves.
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We considered further uncertainty sources. Changes in the tropopause specification and in the spectral file used by SOCRATES-RF have only a marginal impact on the forcing, as does degrading the horizontal resolution from 3 × 3 to 5 × 5 ∘ . Sensitivity studies using different assumptions for the tropopause, spectral data and grid resolution are shown in the SI (Tables S8-S10, respectively ).
An important uncertainty in the ozone RF remains the choice of models to create the ozone database itself due to different sensitivities to emissions, climate forcers, and chemistry-climate feedbacks. To account for this uncertainty, we retain the uncertainty given by IPCC-AR5 for tropospheric and stratospheric ozone (as described in Table 1 ). The total ozone RF uncertainty assumes that these uncertainties are uncorrelated.
Seasonal Cycle
There is a strong seasonal cycle in both tropospheric and stratospheric ozone RF (bottom row of Figure S1 in the supporting information). This is primarily due to the seasonal variations of ozone changes, with the largest perturbations being in NH summer in the troposphere and SH spring in the stratosphere. The strong seasonal cycle in stratospheric ozone RF emerged only in recent decades due to the Antarctic ozone hole. For tropospheric ozone RF, the peak forcing in the summer months has become increasingly accentuated in recent decades (see Figure S1 ), this is consistent with the behavior reported in Rap et al. (2015) for the global mean radiative effect based on remote sensing of ozone concentrations that shows a maximum in tropospheric ozone RF in NH summer months and a minimum in NH winter.
Spatial Distribution
A notable result is the different hemispheric contributions to the global-mean RF. As expected from many previous studies (e.g., Berntsen et al., 1997; Cionni et al., 2011; Rap et al., 2015; Shindell et al., 2013) , the NH ozone forcing exceeds the SH value. NH mean values for the 1970s, 2000s, and 2010s decades increase in time (Table 1) and illustrate the stronger contribution of NH to ozone RF in the net RF which is 5 times larger for the NH than SH in the 2010s. This also results in the NH trospospheric ozone RF being more than 2 times the SH value due to its higher ozone precursor emissions, plus the impact of a Antarctic stratospheric ozone depletion on SH ozone concentrations. These results are consistent with the first row of Figure S1 in the supporting information, which shows increasing differences between NH and SH RF values which become more marked since the 1970s. Figure 3 gives additional insight on the evolution of the geographical distribution of RF. The overall pattern is generally consistent with previous work (e.g., the higher forcing in NH subtropics, with a peak over the dry zones, which results from a combination of large changes in tropospheric ozone and high values of outgoing LW radiation, e.g., Berntsen et al., 1997 , due to the combination of higher surface temperatures and cloud-free skies). The negative tropospheric ozone RF in the SH extratropics is similar to but more intense than that found by Cionni et al. (2011) using CMIP5 ozone, and in contrast to that work, the stratospheric ozone RF is positive everywhere outside the SH extratropics in the 1970s and remains positive in the NH during the 2000s (see Table 1 ).
Discussion and Conclusions
We have calculated the RF using the newly available CMIP6 historical ozone forcing data set. For the period 1850-2010 the total ozone RF is found to be 80% higher than the CMIP5 ozone RF, with the same radiation scheme and meteorological fields. This results from an increased tropospheric ozone RF of 40%, and a stratospheric ozone RF which is about 60% less negative. The ozone RF using CMIP6 is closer to the midrange values provided by IPCC-AR5 report. In marked contrast to CMIP5 and IPCC-AR5, prior to the 1970s, the stratospheric ozone RF was positive before turning negative. This time, variation likely reflects competition between the effects of precursors (which are traditionally regarded as tropospheric) and ODS. The mean NH stratospheric ozone RF remains positive throughout the 1850-2014 period; the more recent ozone loss does not compensate for the preceding, longer-term increase. Accompanying these trends are marked changes in the individual LW and SW components. Prior to the 1970s, SW forcing is negative, switching to positive after 1970; the LW forcing mirrors these changes. The time evolution of the tropospheric ozone RF since 1850 is very similar to IPCC-AR5 until the 1980s 10.1002/2017GL076770 but shows a more marked slowdown in the growth since then. As expected, the LW forcing is the dominant component throughout.
The time evolution of the total ozone RF is similar to IPCC-AR5 up until the 1940s. After that and until the end of the 1960s, it is more positive, partly because of the positive stratospheric ozone RF during this period. Since the 1970s, it has grown, on average, more slowly, due to the combined effect of the slower growth in the tropospheric ozone RF and the stratospheric ozone RF turning negative. A striking feature is that prior to the 1980s, the LW forcing was the larger component but, mostly driven by the effect of stratospheric ozone depletion, the SW forcing exceeded the LW component until the 2010-2014 period when the LW and SW are approximately equal.
The stratospheric temperature adjustment was estimated using the FDH method. The cooling due to stratospheric ozone shows characteristic peaks in the lower and upper stratosphere (with the lower stratosphere cooling most marked in the Antarctic), with a slight midstratosphere warming at most latitudes. However, our calculations show that upper stratospheric cooling prior to the satellite period had already exceeded 1 K by the 1970s, and so giving a total cooling exceeding 2 K up to the present day. They also show that tropospheric ozone increases have led to a marked cooling of the lower stratosphere, peaking in the subtropics, associated with regions of high outgoing long-wave radiation (which are hence more sensitive to ozone change). The cooling influence of tropospheric ozone has been much less recognized in the literature. By 2000-2010, the NH cooling due to tropospheric ozone increases exceeds 1 K, with an influence that extends through the midstratosphere. This significantly modifies the pattern due to stratospheric ozone depletion alone, not only in the tropical lower stratosphere but also in the midstratosphere, where the band of warming is no longer found.
